Relative fitness of three bloom-forming and potentially toxic cyanobacteria from the subtropical St. John's River, Florida was investigated under a range of nutrient conditions, during a bloom dominated by Cylindrospermopsis raciborskii. Nitrogen (N) was the primary nutrient limiting phytoplankton primary productivity and biomass. Phytoplankton biomass was also enhanced by phosphorus (P) added either alone or jointly with N, suggesting different components of the phytoplankton experienced distinct nutrient limitations. Based on quantitative PCR, the diazotrophic cyanobacteria Anabaena sp. and C. raciborskii were responsible for the primary production response to P additions, while the nondiazotrophic Microcystis aeruginosa appeared to benefit from N released from the diazotrophs. Cylindrospermopsis raciborskii maintained high net growth rates under diazotrophic and nondiazotrophic conditions, while Anabaena sp. growth was significantly reduced under DIN enrichment. C. raciborskii appears to be a generalist with regard to N source, a lifestyle traditionally not considered a viable ecological strategy among diazotrophs. Using facultative diazotrophy, C. raciborskii gains a growth advantage under fluctuating DIN conditions, such as systems that are under the influence of anthropogenic N loading events. The described niche differentiation may be a key factor explaining the recent global expansion of C. raciborskii.
Introduction
Phytoplankton community composition shifts in response to environmental factors, and with constant changes in the environment, high diversity is maintained (Hutchinson, 1961) . Predictable periodicity in community composition at the taxonomic group level is observed because of seasonal changes in temperature, water column stratification, and nutrient availability. For example, shifts from spring diatom-and dinoflagellate-dominated communities to summer nitrogen (N 2 )-fixing or non-N 2 -fixing cyanobacterial blooms, are frequently observed phenomenon in many freshwater systems (Reynolds, 2006) . Prediction of the species composition at lower taxonomic level, such as which cyanobacterial species dominate blooms each year, remains a challenge, largely attributed to limited knowledge of different physiologies and genetic capabilities among the numerous phytoplankton species and strains making up the community. Our ability to predict and understand factors driving phytoplankton species composition and dominance is of particular interest for cyanobacteria, because many species have the capacity to produce a range of secondary metabolites that act as toxins for vertebrates and invertebrates (Chorus & Bartram, 1999) . In recent decades, the potentially toxin-producing cyanobacterium Cylindrospermopsis raciborskii (Woloszynska) Seenayya et Subba Raju (Woloszynska, 1912) has been increasingly reported in freshwaters around the world (Padisak, 1997) . The genus was first thought to be associated with a toxic bloom in Australia (Francis, 1878) . Recently, C. raciborskii has been reported in bloom densities in numerous tropical, subtropical, and temperate systems around the world, including Australia (Fabbro & Duivenvoorden, 1996) , North (Chapman & Schelske, 1997) and South America (Lagos et al., 1999) , Europe (Shafik et al., 2001; Valerio et al., 2005; Fastner et al., 2007; Moustaka-Gouni et al., 2009) , and Africa (Bouvy et al., 2006) . The species produces several toxins, including cylindrospermopsin, deoxy-cylindrospermopsin, and saxitoxin (Hawkins et al., 1997; Chorus & Bartram, 1999) , and these toxins have been shown to accumulate in higher organisms (Saker & Eaglesham, 1999) and traced to drinking water sources (Hawkins et al., 1985) . The apparently rapid expansion of geographic range and potential ecosystem and human health concerns associated with occurrences of the species have prompted much interest in understanding C. raciborskii ecology. Various hypotheses have been proposed to explain this recent expansion (Briand et al., 2004) . High affinity and storage capability for phosphorus (P) (Istvanovics et al., 2000) , preference for low light levels (Moustaka-Gouni et al., 2010) , ability to compete well under high pH (Padisak, 1997) and high temperatures (Saker & Griffiths, 2000; Briand et al., 2002) , and allelopathy (Figueredo et al., 2007) have all been proposed as reasons for enhancing fitness of C. raciborskii. Although the species is capable of fixing atmospheric nitrogen (N 2 ), some studies have suggested that combined N was an important N source supporting blooms (Présing et al., 1996; Burford et al., 2006; Piehler et al., 2009; Calandrino & Paerl, 2011) , and thus suggesting that C. raciborskii may compete well under nondiazotrophic conditions. A low frequency of heterocysts, specialized cells that are sites of N 2 fixation (Branco & Senna, 1994) , also supported the idea that C. raciborskii growth may be supported by N sources other than N 2 . In a recent study on subtropical estuarine waters in the United States, St. John's River watershed (SJR), Florida, we showed that C. raciborskii may be able to compete more effectively than the native diazotrophic cyanobacteria (Anabaena spp.) under conditions in which dissolved inorganic nitrogen (DIN) was periodically present (Moisander et al., 2008) . Both Anabaena spp. and C. raciborskii grow in laboratory cultures if DIN is provided, and the growth rate of C. raciborskii cultures under NH þ 4 or NO À 3 exceeds growth rates of those under diazotrophic conditions (Hawkins et al., 2001; Moisander et al., 2008) . The objective of this study was to experimentally test the hypothesis that C. raciborskii has exceptionally high fitness under nondiazotrophic conditions, when diazotrophs are generally not thought to compete effectively under such conditions (Fogg et al., 1973; Paerl, 1990; Reynolds, 2006) .
We investigated taxa-specific fitness of three cyanobacterial genera under a range of nutrient conditions in the SJR watershed in Florida, United States. The ecosystem experiences seasonality and periodic loading events of N and P that are reflected as summertime blooms of cyanobacteria with annual variability in magnitude and species composition (Phlips et al., 2007) . Over the recent decade, C. raciborskii has emerged as a significant component of this late summer phytoplankton in the SJR (Chapman & Schelske, 1997) . Cylindrospermopsin is frequently detected and appears to originate from both C. raciborskii and Aphanizomenon ovalisporum in the system (Yilmaz et al., 2008; Yilmaz & Phlips, 2011) . We conducted nutrient enrichment bioassay experiments on water collected at two sites along the river and investigated responses in total phytoplankton community and the cyanobacteria using taxa-specific molecular detection (quantitative realtime PCR) of abundances of the cyanobacteria, N 2 fixation and primary productivity rate measurements, total phytoplankton biomass, and trends in concentrations and ratios in dissolved and particulate N and P.
We hypothesized that C. raciborskii is an example of a cyanobacterium with unusual facultative diazotrophic lifestyle, which allows selective and effective use of either N 2 fixation or DIN assimilation, depending on environmental conditions. We propose that this strategy is a significant factor in explaining the apparent recent expansion of C. raciborskii in eutrophying freshwaters worldwide.
Materials and methods

Experimental design
Nutrient enrichment bioassays were conducted in the SJR estuary, Florida, in August, 2006. Water for experiments was collected at two sites: Lake George (LG) (N29.3459 W81.6160) and a SJR site (SJ) further downstream in Palatka (N29.6376 W81.6212). LG is located at the headwaters of the river and is estimated to provide approximately 50% of the water to the lower river, while several large tributaries enter the river between LG and SJ site (Phlips et al., 2007) . Water (320 L per site) was collected from the surface to acid-washed (1% hydrochloric acid) polyethylene carboys from each site and transported to the incubation site in a shoreline station of SJR in Palatka. Eight liters of water was poured into low-density polyethylene containers (cubitainers) that had been acid washed followed by a rinse with sample water. The cubitainers were then amended with nutrients. Nitrogen sources were added either at the beginning (T0) of the experiment (NH 
H, NO
À 3 H; high DIN), and P additions were performed daily after subsampling for various tests. Low DIN additions were 20 lM at the initiation of the experiment. High DIN additions were 400 lL of a 0.2 M stock solution per day (amended concentration in cubitainers increasing over the course of experiments because of decreasing sample volume). Dissolved inorganic phosphorus (DIP) was added to approximately 2 lM final concentration per day to all P treatments. Cubitainers were incubated in the river under one layer of neutral density screening (reducing incident irradiance by approximately 30%) to reduce photoinhibition. For 7 days, subsamples for various measurements were collected in the morning from the cubitainers. Subsamples were collected each day for determination of N 2 fixation rates (acetylene reduction assay) and for total phytoplankton biomass, determined by chlorophyll a (Chl a) concentration. Every other day, samples were additionally collected for determination of gene copy numbers of the dominant cyanobacteria (samples filtered for molecular analyses) and dissolved inorganic carbon (DIC), and primary productivity rate measurement (PP) was conducted. On days 0, 3, and 7, subsamples were additionally collected for determination of particulate organic carbon and nitrogen (PC, PN). Nutrients were amended to the cubitainers ('H' treatments, and all treatments with P) each day after subsamples were collected. Total volume of water withdrawn from the cubitainers when the experiment was ongoing was 3.6 L.
Analytical methods
For determination of the N 2 fixation rates, 60 mL of sample was transferred to 72-mL glass serum vials that were then sealed with red rubber stoppers, and 7 mL of headspace was replaced with acetylene, generated from calcium carbide. Serum vials were shaken vigorously to equilibrate the gases and incubated in the river for 4 h. At the termination of the incubation, serum vials were again shaken, and 3.6 mL of gas was withdrawn into Vacutainers (Beckton Dickinson). Vacutainers were transported to the UNC-CH Institute of Marine Sciences (UNC-CH IMS) for measurement. Ethylene concentration was determined by a Shimadzu GC-14 gas chromatograph, equipped with a flame ionization detector, and Poropak T column as described previously (Moisander et al., 2008) . Two millilitres of gas was withdrawn from the Vacutainers by replacing the contents with water and transferred into the gas chromatograph autosampler vials.
For determination of Chl a, 50 mL of sample water was filtered on GF/F glass-fiber filters (Whatman, Piscataway, NJ). The filters were blotted dry, folded, wrapped in aluminum foil, and frozen at À20°C until determination by fluorometry within the next month. Five millilitres of 90% aqueous acetone was added to the filter in a 15-mL centrifuge tube. Filters were sonicated in an ice bath, in the dark for 10 min, and placed Facultative diazotrophy in Cylindrospermopsis in À20°C for 24 h. The extract was then cleared through a GF/F filter in a Swinnex (Millipore) holder, and Chl a fluorescence was determined with a Turner TD-700 fluorometer using the nonacidification method (Welschmeyer, 1994) .
, total dissolved N (Total N), and PO 3À 4 concentrations were determined on glass-fiber (GF/F)-filtered subsamples using high-sensitivity automated colorimetric flow injection analyses (Lachat QuickChem 8000, Lachat Instruments, Milwaukee, WI). Primary productivity was estimated using the 14 C method (Paerl, 1993) as follows. In the morning (~10:00 hours) following sample collection, quadruplicate light and a single dark 76-mL polyethylene bottles containing sample water were injected with 0.3 mL of NaH 14 CO 3 (ICN Radiochemicals; specific activity 58 mCi mmol À1 ) and incubated and covered with neutral density screening just below the water surface for 4 h. At the completion of incubation, the particulates in each bottle were collected onto 25-mm diameter GF/F filters, dried, and fumed with hydrochloric acid vapors for 24 h to remove abiotically precipitated 14 C. Dried filters were transported to the laboratory, then placed in vials containing scintillation cocktail (Cytoscint), and run in a Beckman-Coulter LS 6500 liquid scintillation counter. Counts were converted to total CO 2 fixed using the method of (Paerl, 1993) . For determination of DIC, 20-mL Pyrex glass vials were filled with sample water and stored in a refrigerator until experiment was completed, and total DIC was determined at the UNC-CH IMS using a Shimadzu TOC-5000A carbon analyzer.
For measurement of total particulate organic carbon and nitrogen, 100 mL of sample was filtered on precombusted (450°C for 4 h) glass-fiber filters (GF/F, Whatman). Filters were placed in small sterile petri dishes and then frozen at À20°C until analysis. The sample filters were fumed for 6 h with concentrated hydrochloric acid to remove inorganic carbon and then dried at 60°C. The fumed and dried filters were analyzed for organic C and N content using a Perkin Elmer CHN analyzer (Model 2400 Series II) standardized with acetanilide.
For determination of abundances of the cyanobacteria by quantitative PCR (qPCR), 50 mL of sample water was filtered on 0.2-lm Supor filters (Pall Gelman). Filters were folded and placed in sterile bead beater tubes, then immediately frozen in liquid nitrogen, and stored at À80°C upon arrival into laboratory. DNA was isolated using a modified protocol of the GeneRite extraction kit DNA-EZ RW03C (North Brunswick, NJ). Each filter was inserted into a 2-mL screw-cap tube preloaded with glass beads (Sigma G-1277), and 500 lL of lysis buffer was added. The tubes were secured in a bead beater (Biospec) and homogenized for 2 min. The tubes were removed and centrifuged in a microcentrifuge for 1 min. The crude supernatant was removed and added to a 1.5-mL microcentrifuge tube and spun to pellet the debris. Approximately 400 lL of supernatant was removed to a new 1.5-mL tube, and 1200 lL of binding buffer was added. The solution was mixed and transferred to a DNAsure column and spun for 1 min, then discarded. The column was washed twice with 500 lL of EZ-wash buffer, and an extra spin was performed to remove excess liquid. The spin column was placed in a new collection tube, and 25 lL DNA Elution Buffer, heated to 70°C, was added. After 1 min, the sample was centrifuged, and the elution step was repeated to obtain a total volume of 50 lL. The DNA was stored at À20°C until analysis. Quantitative real-time PCR 5 0 -nuclease assay (TaqMan assay) was used for determination of abundances of cyanobacteria at station LG water. Primers and probes were previously designed and are listed in Table 1 . For qPCR standards that were included in each qPCR plate, we used serial dilutions of linearized plasmid standards (10-10 7 gene copies per reaction) with cloned inserts of the target gene. These standards were created in previous studies (Moisander et al., 2008 ). Duplicate experimental bottles were processed for real-time PCR analyses, with analytical duplicates.
Statistical analyses
Statistical comparisons between treatments were conducted using the repeated measures ANOVA (PASW Statistics 18 or 19). Data normality and homoscedasticity were improved by log transformations. Observations during the 7-day incubation period suggested that in some cases, the phytoplankton biomass or rates 'crashed' at the last 
Results
The nutrient responses suggested that different components of the phytoplankton were limited by distinct nutrients or nutrient combinations. In experimental incubations from both study sites, addition of P had the greatest influence on the magnitude of total phytoplankton biomass (Fig. 1) . A positive response in total phytoplankton biomass to increasing level of N was observed (LG water, DIN additions without P) (Fig. 1) , and addition of N jointly with P further increased biomass; however, the highest biomass was reached when P was added alone. The rate of increase in biomass was slower when P was added alone than under P + N. Thus, DIN was the primary nutrient limiting the nondiazotrophic phytoplankton biomass, also evidenced as high densities of actively N 2 -fixing cyanobacteria in the system. There was a decrease in total phytoplankton biomass after day 5 or 6 in some, but not all treatments. Results at the SJ site had similar general trends as at LG, with the greatest increases in biomass seen in response to P added alone or jointly with N. As in LG water, there was a small, yet significant increase in biomass in response to one of the N-alone treatments (NO À 3 H), as evidence of N-limited conditions (Table 1, Table S1 ). At SJ, Chl a increased in P and P + N treatments and 'crashed' abruptly after day 4 in P + N treatments. The peak in Chl a abundance in the P-only treatment at SJ was offset from the peak in the P + N treatments, occurring two days later, when biomass in the P + N treatments had already started to decrease. Concentration of Chl a in P + N treatments reached a maximum at the LG site on day 5-7, and on day 4 at the SJ site. Peak in the P-only treatment occurred on days 5 and 6 at LG and SJ, respectively.
Primary production (PP) responses to nutrients were generally similar at LG and SJ sites. Addition of N (NO À 3 or NO þ 4 high or low additions) elevated PP slightly, yet significantly, over the control (Fig. 2, Table S1 ), supporting observations from total phytoplankton biomass responses. Nitrogen was thus the primary limiting nutrient for the net phytoplankton CO 2 fixation. Primary productivity increased further if P was added, either with or without parallel N addition and was not significantly different among P vs. P + N treatments. At SJ, PP reached its maximum and started to decrease faster in P + N treatments with high N than with low N additions.
Even under DIN additions, N 2 fixation was detected in all treatments through the experiment (Fig. 3) . The rates peaked around the days 4-5 and then decreased back to ambient levels on day 7. The maximum N 2 fixation rates measured over the course of the experiments were in Paddition treatments, with highest N 2 fixation detected in the P-only treatments, but these highest rates were reached relatively slowly and were not significantly different from P + N treatments in which unexpectedly high rates of N 2 fixation were detected. Rates of N 2 fixation increased most rapidly at both sites
H, while N 2 fixation increased more slowly in the P-only and P þ NO À 3 L treatments. The peak N 2 fixation in the P treatment was detected on day 4 at the LG and on day 4 or 5 at the SJ site. There appeared to be a slight increase over time in the N 2 fixation rates in the control and the NH þ 4 L and NO À 3 L treatments, all without P; this trend was seen more clearly at the SJ site. However, the N 2 fixation rates in the control were not significantly different from 'N only' treatments at LG and SJ. Table S1 . Time points T3-T5 and T2-T4 were included in the tests for LG and SJ, respectively. Relative abundances of Anabaena sp., C. raciborskii, and Microcystis were determined by quantitative PCR at the LG site over the course of the experiment (Fig. 4) . Abundances of the diazotrophic cyanobacteria remained at the level of the control in the 'N only' additions in all cyanobacteria. Abundances of both diazotrophic (Anabaena and C. raciborskii) and nondiazotrophic (Microcystis) cyanobacteria increased when P was added either alone or jointly with N. For Anabaena, addition of 'P only' resulted in the greatest increase in abundance and the fastest net growth rate (0.87 day À1 ) (Fig. 5 ). Addition of DIN had a negative influence on Anabaena, reducing growth rates to 0.1-0.38 day À1 . In the high DIN additions (P þ NH þ 4 H and P þ NO À 3 H), Anabaena abundance decreased after the day 3, after a small initial increase; while in the low DIN additions (P þ NH þ 4 L and P þ NO À 3 L), Anabaena abundance increased slowly for 5 days. For Microcystis, the increase in abundance under P addition was small, but there was a statistically significant difference from control (Fig. 4) . Responses in net growth were different between Anabaena and C. raciborskii. Presence of P was required for growth stimulation in both (Fig. 4) , but responses were different under P + N. In C. raciborskii, addition of P with or without DIN (high and low additions) resulted in abundances that were not significantly different, and thus negative impact from DIN was not observed. Net growth rates of C. raciborskii under P and P + N treatments ranged from 0.56 to 0.74 day À1 , and the fastest net growth rate was measured under P þ NH þ 4 H (Fig. 5) . At the end of the experiment, C. raciborskii abundances remained high, and in some treatments, abundances were still increasing.
For the non-N 2 -fixing Microcystis, DIN at its highest availability added with P resulted in the greatest increases in abundances (net growth rate 0.45 day À1 ). Unexpectedly, P added alone also resulted in a small increase in cell abundances, while daily additions of either P þ NH growth rates increased only slightly from control and were not significantly different from the P-only treatment (net growth rates 0.24-0.28 day À1 ).
Nutrient measurements were conducted on the incubation containers to estimate nutrient availabilities, to assure that concentrations did not reach inhibitory levels, and to detect potential cross-contamination. Samples for dissolved nutrient measurements were always collected approximately 24 h after the additions. Ammonium concentration was at the same level (approximately 10-19 lg L À1 ) in treatments with or without NH in all of the treatments with experimental P additions (but not in the 'no P' treatments). Total particulate organic C and N increased most profoundly in P treatments. The molar ratio of C/N decreased in all P + N treatments over the duration of the experiment, with lowest molar ratio in the 'P-only' treatment (Fig. 6) . C/N also decreased from control levels when DIN alone was added at high concentrations. C/N remained close to the initial ambient conditions or increased in the control and low DIN additions.
Discussion
The wide range of genetic and physiological strategies in diverse phytoplankton species allows the different species to access resources differently and find a niche under Facultative diazotrophy in Cylindrospermopsis changing environmental conditions. The diversity in phytoplankton physiological capabilities (such as nutrient acquisition and storage mechanisms) becomes evident under experimental nutrient enrichments, where different components of phytoplankton respond to nutrients differently. Understanding competitiveness of diazotrophic and toxin-producing cyanobacteria in mixed phytoplankton communities has been subject to much study over the past decades (Reynolds, 1984; Paerl, 1988) , because of their importance from the perspectives of biogeochemical cycles and ecosystem and human health. The low relative ratio of N to P was identified early as an important factor promoting growth of diazotrophs in various environments (Fogg, 1969; Paerl, 1990) , and classically, poor competitive success of diazotrophs is predicted under DIN-enriched conditions. While diazotrophs are never in principle, N limited, the nondiazotrophic phytoplankton experience either N or P limitation in many freshwater systems. Thus, the challenge in interpretation of a simple nutrient amendment experiment is that the nutrient response observed at the community level is not a representation of nutrient limitation of any individual species, but a composite of diverse responses in all components of the phytoplankton.
Phytoplankton growth in the SJR estuary has previously been shown to periodically experience either N or P limitation (Moisander et al., 2008; Piehler et al., 2009) , with widespread presence of diazotrophic cyanobacterial blooms as evidence for frequent N limitation (Phlips et al., 2003) . Our study occurred during the peak temperatures that are supporting growth of bloom-forming cyanobacteria (Phlips et al., 2007) . The SJR has a high humic acid content, and phytoplankton production is thought to be limited by both light and temperature during the winter months (Phlips et al., 2000 (Phlips et al., , 2007 .
The primary N limitation of phytoplankton growth in this study was observed as an increase in primary productivity and phytoplankton biomass in response to N added alone, a response that appears to have been because of nondiazotrophic growth (Microcystis being one of the genera contributing to this trend). N limitation was also suggested by the observed reduction of total particulate organic C/N under NH Quantitative PCR is a high throughput method for determination of microbial abundances, and in this study was especially useful as the lowest cyanobacterial abundances would have been difficult to capture by microscopy. The gene copy numbers reported can be used as approximations of numbers of cells, with an assumption that there is one gene copy (or intergenic region in the case of cpcBA) per genome and one genome per cell. Under the N-limiting conditions, N 2 -fixing cyanobacteria could take advantage of the provided P and quickly initiate growth under P amendments. Therefore, pulses of P loading alone to the SJR under N-limiting conditions such as the ones observed during the experiment would benefit net growth of both Anabaena sp. and C. raciborskii. Such response in diazotrophic cyanobacteria to P additions is expected and often observed in systems where N is limiting (Moisander et al., 2003; Posselt et al., 2009) . Cylindrospermopsis is thought to have a particularly high affinity for phosphate (Istvanovics et al., 2000) ; however, in our experiments, Anabaena was a better competitor under diazotrophic and P-replete conditions. The ability of both Anabaena sp. and C. raciborskii to initiate exponential growth in the mixed population under these conditions suggests these taxa are partitioning resources in ways that allow for co-existence. The two genera have very distinct niches with regard to utilization of DIN, however. Although diazotrophic cyanobacteria are commonly able to assimilate combined N, their relative competitiveness in the environment is generally thought to be reduced in DIN replete conditions, because of the slow growth rates of diazotrophs (Postgate, 1990) . Regulatory pathways (including expression of nifA and nifL genes) of the nitrogenase enzyme synthesis are inhibited by NH þ 4 , and thus nitrogenase is not expected to be active in high NH þ 4 environments (Howard & Rees, 1994; Dixon & Kahn, 2004) . Indeed, studies from freshwaters generally show a negative correlation between availability of DIN and abundance of N 2 fixers (Reynolds, 2006; Smith, 2006) . While a negative relationship between NH on heterocyst differentiation (Renstrom-Kellner et al., 1990) . The nitrogenase enzyme continues to be synthesized, however, if the environmental DIN does not provide enough N for the cell's needs (Postgate, 1990) . This appeared to be the case in all our N treatments, in which N 2 fixation continued, although at reduced levels, when NH Phosphorus additions resulted in largest increases in phytoplankton biomass, including diazotrophs. Highest biomass was reached under conditions in which diazotrophs had a competitive advantage, that is, when external N remained limiting. Combined activity and growth of Anabaena spp. and C. raciborskii were responsible for the high production under the P sufficient, but N-limiting treatments. C/N ratio in these conditions was close to the Redfield ratio at both study sites at the end of the experiment (6.7 and 6.9 in SJ and LG, respectively), suggesting actively growing phytoplankton. However, the competitive advantage of Anabaena sp. growth was lost when combined N was added. The results show clearly that Anabaena sp. loses the competitive edge under NH þ 4 and NO À 3 enrichment even under low N availability. Anabaena sp., thus, could be considered a specialist in a broad ecological sense regarding N enrichment in our incubations. In contrast, C. raciborskii had high competitive strength under a broad range of N conditions, spanning from fully diazotrophic situation (P added but no N) to heavily N-enriched conditions (NH þ 4 H, with P). This cyanobacterium can be considered a generalist in our incubations, with high metabolic flexibility under a broad range of N regimes. Thus, C. raciborskii appears to be an efficient facultative diazotroph, with high competitive strength under both low and high DIN enrichments. Anabaena sp. had initially a faster growth rate than C. raciborskii in the treatment into which P only was added. However, at the 7th day time point, Anabaena sp. biomass 'crashed', when both C. raciborskii and Microcystis continued to increase biomass. Simultaneously, the N 2 fixation activity returned to very low levels on day 7. The high and increasing biomass of C. raciborskii at this time point suggests that C. raciborskii growth was relying on alternative N sources. Reasons for such sudden decline in Anabaena abundance at the end of the experiment are not clear, but as an alternative to growth inhibition because of shortage of nutrients may have been caused by species-specific viral lysis. Targeted cyanophage-mediated control of select cyanobacterial species is a factor that could potentially have influenced bloom community development (Ortmann et al., 2002) . A longer lag phase, yet slow increase in Microcystis biomass in the P-only treatment, suggests that this nondiazotrophic cyanobacterium may have benefited from the new N released from the diazotrophs (Agawin et al., 2007) . Some C. raciborskii strains appear to have lost their N 2 fixation capability and the ability to form heterocysts, along with some other genetic elements, and have been described as the morphologically distinct, nondiazotrophic Raphidiopsis spp. (Stucken et al., 2010) . The Cylindrospermopsis and Raphidiopsis morphotypes are closely similar phylogenetically and are currently considered the same species (Moustaka-Gouni et al., 2009). Although our study suggests that facultative diazotrophy allows C. raciborskii to compete more effectively under conditions where there are large fluctuations in DIN availability, the genome streamlining found in the Raphidiopsis morphotype suggests that maintaining N 2 fixation capability in the genome is not always beneficial, presumably when DIN is available more consistently (Stucken et al., 2010) .
Although the greatest biomass accumulated under diazotrophic conditions, it was observed that the growth rates were slower without N addition than if N was provided with P, supporting the argument that growth of diazotrophs is slower than that of nondiazotrophic phytoplankton, because of energy expenditures spent for N 2 fixation. It took as long as 6 days for the diazotrophic community to catch up with the other N treatments to reach the maximum biomass. Such differences in growth rates have been inferred before and were thought to explain why formation of diazotrophic cyanobacterial blooms, including C. raciborskii (Padisak, 1997) , require calm weather and long residence times (Fogg, 1969; Paerl, 1990) .
LG is an impoundment with a relatively long residence time, thus supporting higher densities of Facultative diazotrophy in Cylindrospermopsis cyanobacterial blooms than the faster moving sections downstream (Phlips et al., 2007) . Nutrient loading to the SJR has a seasonal and episodic nature, with intermittent periods of nutrient limitation (Phlips et al., 2007) . The goal of this study was to elucidate how the fluctuation in nutrient availability may impact community composition and abundances of potentially toxic diazotrophic and nondiazotrophic cyanobacteria, as well as the overall production and trophic status of the ecosystem. The results of this study highlight several aspects of the cyanobacterial community dynamics. The results show that (1) different cyanobacterial communities gain benefit under distinct N/P scenarios during the cyanobacterial bloom period; (2) The historically dominant Anabaena sp. has low fitness a.k.a. survival success under DIN enrichment and highest fitness under diazotrophic conditions; (3) C. raciborskii has high fitness under both diazotrophic and nondiazotrophic conditions, and is thus employing facultative diazotrophy; and (4) Microcystis aeruginosa benefits from the most nutrient-enriched conditions, and it's growth rates in SJR are lower than C. raciborskii under all N/P scenarios when nutrients are not saturating, possibly controlled by factors not measured in this study.
These observations help in characterizing the evolving picture of C. raciborskii ecophysiology in SJR and other freshwaters worldwide. With its unique physiological flexibility, C. raciborskii has a competitive edge in ecosystems that frequently fluctuate between N-enriched and N-limiting conditions. 
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